Nucleocytoplasmic transport is facilitated by nuclear pore complexes (NPCs), which are massive proteinaceous transport channels embedded in the nuclear envelope. Nup192 is a major component of an adaptor nucleoporin subcomplex proposed to link the NPC coat with the central transport channel. Here, we present the structure of the ∼110-kDa N-terminal domain (NTD) of Nup192 at 2.7-Å resolution. The structure reveals an open ring-shaped architecture composed of Huntingtin, EF3, PP2A, and TOR1 (HEAT) and Armadillo (ARM) repeats. A comparison of different conformations indicates that the NTD consists of two rigid halves connected by a flexible hinge. Unexpectedly, the two halves of the ring are structurally related to karyopherin-α (Kap-α) and β-karyopherin family members. Biochemically, we identify a conserved patch that binds an unstructured segment in Nup53 and show that a C-terminal tail region binds to a putative helical fragment in Nic96. The Nup53 segment that binds Nup192 is a classical nuclear localization-like sequence that interacts with Kap-α in a mutually exclusive and mechanistically distinct manner. The disruption of the Nup53 and Nic96 binding sites in vivo yields growth and mRNA export defects, revealing their critical role in proper NPC function. Surprisingly, both interactions are dispensable for NPC localization, suggesting that Nup192 possesses another nucleoporin interaction partner. These data indicate that the structured domains in the adaptor nucleoporin complex are held together by peptide interactions that resemble those found in karyopherin•cargo complexes and support the proposal that the adaptor nucleoporins arose from ancestral karyopherins.
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X-ray crystallography | site-directed mutagenesis | mega assembly | structure-function analysis N ucleocytoplasmic transport is an essential process in which transport factors, called karyopherins, mediate nuclear transport of macromolecules larger than ∼40 kDa (1) (2) (3) . Karyopherins are classified into two families, α-karyopherins and β-karyopherins, which are composed of Armadillo (ARM) and Huntingtin, EF3, PP2A, and TOR1 (HEAT) repeats, respectively (1, 3) . Karyopherins facilitate nucleocytoplasmic transport of proteins by recognizing linear nuclear localization sequences (NLSs) or nuclear export sequences (NESs) in their cargo proteins. α-Karyopherins are import adaptors that interact with β-karyopherins through an N-terminal importin-β binding domain to coordinate cargo import through the nuclear pore complex (NPC) (1) (2) (3) (4) . Whereas α-karyopherins are structurally rigid, β-karyopherins display remarkable conformational flexibility, which enables them to regulate cargo recognition (1, 3, 5) .
The NPC is the sole gateway for bidirectional nucleocytoplasmic transport (6) . Its transport channel is lined with intrinsically disordered phenylalanine-glycine repeats, which form a diffusion barrier and bind karyopherin•cargo complexes (1, 6) . In yeast, NPCs are composed of 34 different proteins, termed nucleoporins (nups), that assemble in multiple copies into an ∼60-MDa complex (6) . EM revealed that the NPC consists of a doughnut-shaped symmetrical core, which is embedded in the nuclear envelope and decorated with filamentous structures on its cytoplasmic and nucleoplasmic faces. Cytoplasmic filaments extend into the cytoplasm and provide docking sites for karyopherins, the GTPase Ran, and the mRNA export machinery (1, 5, 6) . On the nucleoplasmic face, a nuclear basket structure binds Ran and the transcription machinery and participates in chromatin organization (6) .
The symmetrical NPC core can be considered schematically as a series of concentrical cylindrical layers, composed of integral membrane proteins of the pore membrane, the coat-forming Nup84 complex, the adaptor nucleoporin complex (ANC), and the central channel nucleoporins (6, 7) . Structural studies provided key insights into the architecture and function of the coat and channel nucleoporins, as well as the interactions of the cytoplasmic filament nucleoporins with the mRNA export machinery (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) ).
An EM analysis of the coat-forming, heptameric Nup84 complex from Saccharomyces cerevisiae revealed an ∼400-Å long, Y-shaped architecture (17) . Crystallographic studies established that the heptamer is composed of α-helical solenoids and β-propellers interacting through extensive hydrophobic interfaces (7-9, 12, 13, 15) . The heptamer is architecturally similar to the membrane bending COP-I, COP-II, and clathrin coats, suggesting that the Nup84 complex forms a coat for the nuclear envelope (7) (8) (9) 18) .
In contrast to the Nup84 complex, the interactions between the channel nucleoporins are mediated by ∼250-residue α-helical regions, which adopt a range of alternative conformations and interactions, including sliding α-helical domains, alternative assembly states, and changes in interaction partners (19, 20) . The plasticity of these nucleoporins is believed to facilitate the transport of differently sized cargoes by dilating and contracting the transport channel (19, 20) .
Significance
Nuclear pore complexes (NPCs) are proteinaceous transport channels gating transport of macromolecules across the nuclear envelope. Nup192 is one of five members of an adaptor nucleoporin complex (ANC) that is believed to be integral for linking the NPC subcomplexes and accommodating the dilations of the central transport channel. We present the structure of the N-terminal half of Nup192 that uncovers similarities with karyopherins, suggesting an evolutionary relationship. Using biochemical and in vivo data, we generated an interaction map of the ANC, providing a starting point for its mechanistic dissection. Unlike the coat and channel nucleoporins, the interactions within the ANC are poorly understood, largely due to the poor behavior of the large adaptor nucleoporins in solution. However, the adaptor nucleoporins of the eukaryotic thermophile Chaetomium thermophilum possess improved biochemical robustness (21) . The C. thermophilum ANC is composed of Nup192, Nup188, Nup170, Nic96, and Nup53, which are conserved throughout the eukaryotic kingdom (6, 21) . Nic96 and Nup192 are the only essential members of the ANC in S. cerevisiae and are thought to function as the scaffolds onto which the adaptor layer assembles (21, 22) . Negative-stain EM of Nup192 revealed a question mark-shaped architecture (21) .
To gain structural and functional insight into the ANC, we determined the crystal structure of the N-terminal domain (NTD) of C. thermophilum Nup192 (ctNup192 NTD ) at 2.7-Å resolution. Our structural analysis reveals that ctNup192
NTD forms an α-helical solenoid with an ∼110-Å wide ring-shaped architecture with similarities to the β-karyopherin Cse1p and import adaptor karyopherin-α (Kap-α). Furthermore, we show that ctNup192 NTD possesses a binding site on its convex surface for an unstructured fragment of ctNup53, whereas a C-terminal tail fragment of ctNup192 binds to an α-helical region of ctNic96. Hence, ctNup192 is an interaction platform in the ANC with distinct binding sites. Disruption of either or both of these interactions results in growth and mRNA export defects in vivo, establishing their physiological importance. However, both interactions are dispensable for NPC localization, suggesting that Nup192 possesses at least one additional nucleoporin binding site sufficient to anchor Nup192 in the NPC. Based on our data, we propose that the interactions between the adaptor nucleoporins are governed by short linear motifs resembling those found in classical karyopherin•cargo complexes.
Results
Structure Determination. We identified a fragment of C. thermophilum Nup192 encompassing residues 1-958 that yielded wellbehaved, soluble protein (ctNup192 NTD ) (Fig. 1A ). ctNup192 NTD crystallized in space group P4 3 2 1 2 with two molecules in the asymmetric unit. The structure was solved by single-wavelength anomalous dispersion using X-ray diffraction data from a seleno-L-methionine derivative ( Fig. S1 A and B ). The final model was refined to 2.7-Å resolution with R work and R free values of 19.1% and 23.1%, respectively. Data collection and refinement statistics are provided in Table S1 . Because there was no dimerization in solution, we focused on the ctNup192 NTD monomer (Fig. S1C ).
Structural Overview. ctNup192 NTD folds into a ring-shaped solenoid composed of 42 α-helices (α1-α42) and a single β-hairpin (β1-β2) with a right-handed superhelical twist and dimensions of 110 Å × 90 Å × 40 Å (Fig. 1 ). The N-and C-terminal halves of the solenoid do not form direct contacts, resulting in an ∼10-Å gap in the ring and an overall lock washer-like shape. ctNup192 NTD is divided into four structural segments: the N-terminal Head (residues 1-184), HEAT repeat (residues 185-352), small hinge (residues 353-415), and C-terminal ARM repeat modules (residues 416-958) (Fig. 1) .
The Head module consists of two helical pairs, α1-α2 and α7-α8, arranged in a HEAT-like topology interrupted by an α-helical insertion (α3-α6) containing the β-hairpin (β1-β2). The Head module is connected to the HEAT module by a long, disordered loop between helices α8 and α9 and makes hydrophobic contacts with HEAT repeat 1 (α9-α10) ( Fig. 1B and Fig. S1D ).
The HEAT module is composed of three HEAT repeats that each form one turn of a right-handed superhelix. The HEAT and ARM modules are bridged by a short hinge module composed of the hinge loop and two helices, α15 and α16. These helices are connected by a single glycine residue that is invariant across fungi, suggesting that this feature is evolutionarily conserved (Fig. S2 ). Helix α15 caps the end of the HEAT module superhelix, and helix α16 initiates the ARM module superhelix. The hinge loop is an ordered, 31-residue connector, which forms contacts along the entire concave surface of the ring. The ARM module forms a right-handed superhelix composed of noncanonical ARM repeats. ARM repeat 6 (α32-α35) is a degenerate ARM repeat in which the α31-α32 loop replaces the first helix ( Fig. 1 and Fig. S1D ).
Structural Similarity to Karyopherins. The unusual combination of HEAT and ARM repeats in ctNup192 NTD prompted us to look for proteins with a similar architecture. In structural homology searches with the Dali server, we found that yeast Kap-α was most similar to the ARM module of ctNup192 NTD (23) . The structure of yeast Kap-α superposes with the ARM module with an rmsd of 5.7 Å over 303 Cα atoms (Fig. 2) . Both proteins have an identical topology, but the α31-α32 loop perturbs the curvature of the ARM module superhelix, generating a greater curvature in ctNup192 NTD . Intriguingly, the hinge and α31-α32 loops overlap with the Kap-α recognition sites for a bipartite NLS (Fig. 2) . However, the conserved tryptophans that line the concave surface of Kap-α and bind the NLS peptide are absent in ctNup192 NTD . Likewise, a Dali search on the HEAT module of ctNup192 NTD found the export β-karyopherin Cse1p to be structurally similar. The HEAT module superposed with three N-terminal HEAT repeats of Cse1p with an rmsd of 5.2 Å over 117 Cα atoms (Fig. S3A) . Thus, ctNup192
NTD possesses a surprising architectural similarity to members of both karyopherin families, wherein the C-terminal ARM module is structurally analogous to Kap-α and the N-terminal HEAT module is similar to β-karyopherins.
Structural Analysis. Given the unusual topology of ctNup192 NTD , we further analyzed the individual ARM and HEAT repeats. Sequence and structural alignments revealed that whereas the ARM and HEAT repeats of ctNup192 NTD possess the hallmark sequence characteristics for their respective motifs, they are also more divergent in helical length and position ( Fig. S3 B and C) . Superposition of the two molecules in the asymmetric unit and the structure of S. cerevisiae Nup192 NTD (scNup192 NTD ) revealed conformational changes in the entire ring that open and close the gap between the two ends of the ring by ∼10 Å (24) (Fig. S4A) . These conformational changes are mostly the result of rigid body rearrangements around the hinge module ( Fig. S4  B and C) . A detailed analysis is provided in SI Text. Surface Properties. To identify functionally important surfaces in ctNup192 NTD , we created surface maps depicting evolutionary conservation and electrostatic potential ( Fig. 3 and Fig. S2 ). An immediately apparent feature is a conserved hydrophobic groove on the convex surface of the ring, next to the hinge module ( Fig.  3 A and B) . In CRM1, the availability of the hydrophobic NES binding cleft is modulated by a RanGTP-dependent rearrangement of an acidic loop (25) . The hydrophobic groove observed in ctNup192 NTD is located in a similar position on the outside of the ring, suggesting that the interaction with another nucleoporin at this site is regulated similarly.
Additionally, we could identify a conserved, charged surface patch that spans the α-helical insertion of the Head module and the front face of the HEAT module (Fig. 3) . A third, C-terminal surface also displays a high degree of conservation, but it is formed by the last α-helix in the truncated construct, suggesting that it is normally buried in the interface between the NTD and C-terminal domain (CTD) of full-length ctNup192 (Fig. 3B) . Finally, we identified a surface pocket with a highly negative electrostatic potential on the back face of ctNup192 NTD (Fig.  3C ). Although this pocket is not strictly conserved in sequence, its negative character is maintained in the structure of scNup192 NTD (24) . Furthermore, this acidic pocket is immediately adjacent to the hydrophobic groove, suggesting that these two features form a composite binding site for another nucleoporin. Given their distinct chemical natures, these identified surfaces represent likely protein-protein interaction sites.
Biochemical Analysis. Nup192 was originally identified as the S. cerevisiae homolog of vertebrate Nup205 and, subsequently, as an interaction partner of Nic96 (22, 26) . Recently, ctNup192 was found to interact with both a fragment of ctNic96 and a region of ctNup53 (21) . Based on these results, we tested whether an Nterminal fragment of ctNup53 (ctNup53 N , residues 1-90) and an N-terminal, α-helical segment of ctNic96 (ctNic96 H2 , residues 262-301) form a complex with ctNup192 NTD (Fig. 4A) . In sizeexclusion chromatography (SEC) interaction experiments, ctNup192
NTD formed a stoichiometric complex with ctNup53 N but failed to interact with ctNic96 H2 (Fig. 4 B and C and Fig. S5 A-C) . In contrast, the ctNup192 CTD (ctNup192 CTD , residues 976-1,756) is capable of forming a stoichiometric complex with ctNic96 H2 but fails to form a complex with ctNup53 N (Fig. 4 D and E and Fig. S5  D and E) . Further mapping revealed that only the C-terminal 340 residues of ctNup192, ctNup192 TAIL , mediate the interaction with ctNic96 H2 (Fig. S5F ). ctNup53 N contains a 37-residue region (residues 31-67) that resembles a classical bipartite NLS with the consensus sequence KR(X) 10-12 K(K/R)X(K/R) but with deviations wherein lysine and arginine residues are interchanged (Fig. 5A) . Given the structural similarity of ctNup192 NTD to Kap-α, we tested whether ctNup53 N is also capable of interacting with Kap-α. Indeed, ctNup53 N and Kap-α form a stoichiometric complex on a gel filtration column (Fig. 4F and Fig. S5G (Fig. 4G and Fig. S5H ). The unexpected finding that ctNup192 NTD and Kap-α both interact with the same ctNup53 fragment further supports an evolutionary connection between karyopherins and adaptor nucleoporins.
To gain additional insight into the molecular details of the ctNup53 N interactions, we generated a minimal fragment comprising residues 31-67, ctNup53 , and purified nine ctNup53 alanine mutants of conserved residues. In SEC interaction experiments, only mutations of basic residues at consensus bipartite NLS positions (R39, K40, R53, and R54) impaired the interaction with Kap-α (Fig. 5A and Fig. S6A ). Additionally, two of the mutations affecting Kap-α binding, R53A and R54A, also weakened the interaction with ctNup192 NTD (Fig. 5A and Fig. S6B ), providing a molecular explanation for the exclusivity of these interactions. Strikingly, a single mutation, F48A, completely abolished the ctNup53 31-67 -ctNup192 NTD interaction, with no effect on Kap-α binding ( Fig. 5 A and B and Fig. S6B ). Thus, the ctNup53 -Kap-α interaction appears to be mechanistically similar to classical NLS binding, whereas the ctNup53 ctNup192 NTD interaction is mediated by a distinct binding mode. We next determined whether any of the potential protein-protein interaction sites on the ctNup192 NTD surface mediate binding to ctNup53 . We purified 33 single-alanine mutants of conserved residues distributed throughout the identified surfaces, as well as a variant of ctNup192 NTD that lacked the Head module (Fig.  5 ). All tested mutants were properly folded, because they were indistinguishable in their behavior from WT ctNup192 NTD . Whereas NTD colored according to conservation within seven fungal Nup192 sequences (Fig. S2) . Sequence conservation is shaded from white (<45% similarity), to yellow (45% similarity), to red (100% identity). (C) Surface representation is colored according to electrostatic potential from −10 k B T/e (red) to +10 k B T/e (blue).
deletion of the Head module and mutations in the potential NTD-CTD interface and α31-α32 loop had no effect on ctNup53 binding, there was a strong clustering of mutations in the acidic pocket and hydrophobic groove that reduced (E295A, E335A, D431A, D488A, and D439A) or completely abolished (L441A and W499A) ctNup53 binding (Fig. 5B  and Fig. S7A ). These mutations are on the convex surface of ARM1 and ARM2 or immediately adjacent to it (Fig. 5C ). L441 and W499, which are essential for ctNup53 binding, form a deep hydrophobic pocket in the conserved hydrophobic groove (Fig. 5C ). These results establish that ctNup192 NTD binds to ctNup53 with a combined surface that stretches from the hydrophobic groove formed by the convex surfaces of ARM1 and ARM2 to the immediately adjacent acidic pocket. The mechanism of the Nup192-Nup53 interaction is evolutionarily conserved, because WT scNup192 NTD and scNup53 N form stoichiometric complexes that are abolished by the corresponding point mutations, scNup192 NTD, W513A and scNup53 N, F124A (Figs. S6C and S7B). Using isothermal titration calorimetry (ITC), we found that the ctNup192 NTD -ctNup53 interaction has a dissociation constant of ∼0.1 μM and that single-alanine mutations, ctNup53 31-67, F48A and ctNup192 NTD, W499A , reduce binding to undetectable levels, consistent with our SEC interaction experiments (Fig. S7 C-E) . Surprisingly, the interaction between ctNup53 and Kap-α is 250-fold weaker (∼25 μM) than the interaction between ctNup53
31-67 and ctNup192 NTD (Fig. S7F) , likely as a result of a deviating NLS sequence observed in ctNup53 . The ITC results are summarized in Fig. S7G .
Given the similarities in overall shape and architecture between Nup192 and the other large adaptor nucleoporin, Nup188 (6), we tested whether ctNup188 NTD also interacts with ctNup53 31-67 but detected no binding in an SEC interaction experiment (Fig. S8A) . A comparison of the ctNup192 NTD and Myceliophthora thermophila Nup188 NTD (mtNup188 NTD ) structures provides a structural explanation for this result (27) (Fig. S8 B and C) . Although the two proteins share the same topology and organization, two features are unique to mtNup188 NTD : an N-terminal clamp module that binds the C terminus of mtNup188 NTD and an SH3-like insertion in ARM repeat 3 between helices α23 and α24, protruding out of the convex surface (Fig. S8B) . Furthermore, the ctNup53 binding site is not conserved in mtNup188 NTD and possesses the following significant alterations: (i) The bulky hydrophobic residues that form the deep pocket in ctNup192 NTD are absent in mtNup188 NTD ; instead, the helices pack more closely together, and (ii) helix α18, which forms a large part of the conserved hydrophobic groove, is absent in mtNup188 NTD ; this part of the surface is instead occupied by the SH3-like insertion, thus restricting access to the convex surface (Fig. S8C) .
Altogether, these results show that Nup192 interacts with two other adaptor nucleoporins, Nup53 and Nic96, via spatially separated binding sites at opposite ends of the question markshaped molecule, consistent with its ANC-scaffolding role. (Fig. S5 B-E, G, and H) . 31-67 with a consensus classical bipartite NLS and summary of the effects of ctNup53 31-67 mutations on ctNup192 NTD and Kap-α binding. Basic residues are highlighted in blue, and dots indicate mutations that cause no effect (green), reduced binding (orange), or complete disruption (purple) (Fig. S6 A and B) . (B) Mutational analysis of the ctNup192 NTD -ctNup53 31-67 interaction. Mutations that have no effect (−, black), reduce binding (+, orange), or abolish the interaction (+++, red) are indicated (Fig. S7A ). (C, Right) Surface mapping of ctNup192 NTD mutagenesis results. (C, Left) As a reference, a cartoon representation of ctNup192 NTD , colored as in Fig. 1B, is shown. The locations of mutations on the ctNup192 NTD surface are labeled and colored in green, orange, and red to indicate no effect, reduced binding, or complete disruption of ctNup53 binding, respectively.
Despite their structural and evolutionary relationship, the large adaptor nucleoporins Nup192 and Nup188 fulfill functionally distinct roles in the NPC, because the interaction with Nup53 is not replicated in Nup188.
Functional Analysis. Nup192 is essential for viability in S. cerevisiae, but its roles in NPC structure and function are poorly understood (22) . To identify the roles of Nup192 and its binding partners in vivo, we determined the viability of S. cerevisiae nup192Δ deletion strains complemented by various GFP-tagged Nup192 constructs. Neither Nup192 NTD nor Nup192 CTD alone was sufficient to overcome the lethality of the Nup192 KO (Fig. 6A) . In contrast, Nup192 variants that abolish the interaction with Nup53 (Nup192 FL, W513A ) or Nic96 (Nup192 ΔTAIL ) were sufficient to restore viability (Fig. 6A ). Viability correlated with targeting of the GFP-Nup192 fusion constructs to the nuclear envelope. Whereas GFP-Nup192 NTD and GFP-Nup192 CTD were diffusely localized throughout the entire cell, GFP-Nup192
and GFP-Nup192
ΔTAIL variants displayed robust nuclear rim staining consistent with NPC incorporation (Fig. 6 B and C) . Despite rescuing lethality, individual disruption of the Nup53 or Nic96 interactions yielded mild and severe growth defects, respectively (Fig. 6D) . Consistent with these results, complementation of a nup53Δnup59Δ strain with the GFP-Nup53 F124A mutant, which is defective in Nup192 binding, exhibited no observable growth defect (Fig. 6D) .
We next assayed mRNA export by FISH of an Alexa647-labeled dT 50 oligonucleotide as a probe for NPC function. In agreement with the observed growth phenotypes, disruption of Nic96 binding (Nup192 ΔTAIL ) caused a substantial mRNA export defect, because ∼53% of cells displayed nuclear mRNA retention compared with ∼7% of cells containing full-length Nup192. Loss of Nup53 binding (Nup192 FL, W513A ) had only a mild effect on mRNA export, with ∼10% of cells displaying a defect (Fig. 6E) . Interestingly, the loss of both the Nic96 and Nup53 interactions failed to have an additive effect, because the Nup192
variant exhibited a less pronounced growth phenotype than Nup192 ΔTAIL , despite still possessing a major mRNA export defect with ∼49% of cells displaying nuclear mRNA retention (Fig.  6 D and E) . Unexpectedly, GFP-Nup192 ΔTAIL, W513A still demonstrated robust rim staining, indicating that both interactions are dispensable for NPC incorporation. These results confirm the physiological importance of the interactions within the ANC interaction network that we characterized biochemically, and further suggest a yet to be identified nucleoporin interaction that is sufficient to anchor Nup192 in the NPC.
Discussion
We determined the structure of the NTD of the large adaptor nucleoporin Nup192 from C. thermophilum. The structure revealed a ring-shaped architecture composed of an unusual combination of HEAT and ARM repeats that display unexpected structural similarities with karyopherins. Comparison of distinct conformational states of ctNup192 NTD revealed a hinge module that bridges the two halves of the ring and confers conformational plasticity. Furthermore, ctNup192 binds to linear sequence motifs in two other adaptor nucleoporins, ctNup53 and ctNic96, in a manner that resembles known karyopherin•cargo complex interactions (1) (2) (3) 5) . We also found that the same segment in ctNup53 interacts with both ctNup192 NTD and Kap-α in a mutually exclusive fashion, using partially overlapping, interdigitated binding motifs. Together, these data suggest an evolutionary connection between the karyopherins and the large, all-helical adaptor nucleoporin Nup192.
Our interaction analyses facilitate the construction of a highresolution biochemical map of the adaptor nucleoporin interaction network. Mutational analysis of the ctNup192 NTD surface revealed that ctNup53 binds at the midpoint of the convex surface of the ring in a combined interface that includes a conserved hydrophobic groove and an acidic pocket. These findings suggest that ctNup53 binding to ctNup192 NTD is mechanistically distinct from the classical bipartite NLS-Kap-α interaction, which is mediated by an array of tryptophans and acidic residues lining the concave Kap-α surface (28) . Our finding that a single hydrophobic residue in ctNup53 is essential for ctNup192 NTD binding but dispensable for the Kap-α interaction further supports this conclusion. Whether ctNup53 indeed binds to Kap-α in a classical fashion or possesses a distinct interaction mode, as previously shown for other nucleoporins, awaits further structural characterization (29) .
We also found that the ctNic96 H2 interaction site maps to the Cterminal tail of ctNup192. By docking the structure of ctNup192 NTD into a negative-stain EM envelope of full-length ctNup192 (21), we establish that the ctNup53 binding site is located at the top of the question mark-shaped molecule, which is the furthest possible point from the C-terminal tail that binds ctNic96, a distance of ∼150 Å (Fig. 7) . Our in vivo localization analysis further suggests that there is at least one additional nucleoporin interaction that is sufficient to anchor Nup192 in the NPC, because the interactions with Nup53 and Nic96 are dispensable for its localization. Nevertheless, the observed growth and mRNA export defects establish both identified interactions as important for proper NPC function.
We propose that the interactions between the structured domains in the ANC are primarily mediated by short linear motifs, which we suggest terming "nucleoporin anchor sequences" (NASs). Such a peptide interaction network would be in stark contrast to the 3D interfaces previously identified in the Nup84 complex (7-9, 12, 15) . By tethering large, distortable adaptor nucleoporin solenoids with predominantly unstructured "linker" nucleoporins, the adaptor layer would be able to cushion the proposed dilations of the central transport channel dynamically during cargo translocation. Furthermore, the interactions between the linker nucleoporins and the large structural nucleoporins may allow for a hierarchical NPC assembly pathway resembling the assembly and disassembly of transport factor•cargo complexes. An intriguing possibility is that the mutually exclusive interactions of Nup53 with Kap-α and Nup192 may play a role in the regulation of NPC assembly or cargo transport, possibly in a manner similar to the competitive interactions in the Nup53-Nup170-Kap121 network (30, 31) . Finally, such a NAS interaction network is also likely to facilitate the oligomerization of the NPC subcomplexes in the assembled NPC, a possibility exemplified by our previous observation that an unstructured segment in Nup133 mediates the head-to-tail arrangement of the Nup84 complex (13) . Future work is necessary to identify all interactions within the ANC, understand its overall organization, and determine its roles in NPC function.
Methods
The details of X-ray diffraction data collection and structure data are described in SI Text and Table S1 . The details of molecular cloning, expression, purification, crystallization, protein interaction and multiangle light scattering analyses, biochemistry experiments, and yeast experiments are described in SI Text and Tables S2 and S3. ctNup192 NTD was expressed using a modified pET28a vector (32) . Fig. 7 . Model for the ctNup192 interaction network. The structure of ctNup192 NTD is docked into the EM envelope of full-length ctNup192 (21) . The general locations of the interaction sites for Nup53 (Upper) and Nic96 H2 (Lower) on Nup192 are shown. The location of a yet to be identified nucleoporin interaction site is indicated.
